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ABSTRACT Human cytomegalovirus (HCMV) can cause congenital infections, which
are a leading cause of childhood disabilities. Since the rate of maternal-fetal trans-
mission is much lower in naturally infected (HCMV-seropositive) women, we hypoth-
esize that a vaccine candidate capable of eliciting immune responses analogous to
those of HCMV-seropositive subjects may confer protection against congenital
HCMV. We have previously described a replication-defective virus vaccine based on
strain AD169 (D. Wang, D. C. Freed, X. He, F. Li, et al., Sci Transl Med 8:362ra145,
2016, https://doi.org/10.1126/scitranslmed.aaf9387). The vaccine, named V160, has
been shown to be safe and immunogenic in HCMV-seronegative human subjects,
eliciting both humoral and cellular immune responses (S. P. Adler, S. E. Starr, S. A.
Plotkin, S. H. Hempfling, et al., J Infect Dis 220:411– 419, 2019, https://doi.org/10.1093/
infdis/171.1.26). Here, we further showed that sera from V160-immunized HCMV-
seronegative subjects have attributes similar in quality to those from seropositive
subjects, including high-avidity antibodies to viral antigens, coverage against a panel of
genetically distinct clinical isolates, and protection against viral infection in diverse
types of human cells in culture. More importantly, vaccination appeared efficient in
priming the human immune system, inducing memory B cells in six V160 recipients at
frequencies comparable to those of three HCMV-seropositive subjects. Our results
demonstrate the ability of V160 to induce robust and durable humoral memory
responses to HCMV, justifying further clinical evaluation of the vaccine against con-
genital HCMV.

IMPORTANCE In utero HCMV infection can lead to miscarriage or childhood disabili-
ties, and an effective vaccine is urgently needed. Since children born to women who
are seropositive prior to pregnancy are less likely to be affected by congenital HCMV
infection, it has been hypothesized that a vaccine capable of inducing an im-
mune response resembling the responses in HCMV-seropositive women may be
effective. We previously described a replication-defective virus vaccine that has
been demonstrated safe and immunogenic in HCMV-seronegative subjects. Here,
we conducted additional analyses to show that the vaccine can induce antibod-
ies with functional attributes similar to those from HCMV-seropositive subjects.
Importantly, vaccination can induce long-lived memory B cells at frequencies
comparable to those seen in HCMV-seropositive subjects. We conclude that this
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vaccine is a promising candidate that warrants further clinical evaluation for pre-
vention of congenital HCMV.

KEYWORDS CMV, vaccine, humoral immunity, neutralization, memory, V160

Human cytomegalovirus (HCMV), also known as human herpesvirus 5, is prevalent
worldwide, with more than 50% of the adult population naturally infected (1).

Most primary HCMV infections in healthy subjects are mild, lack specific clinical
presentation, and are in general resolved quickly with onset of host adaptive immune
responses (2). However, host immunity by natural infection is inadequate to prevent
HCMV from establishing life-long latency in the host and appears insufficient to confer
complete protection against viral reactivation from latency or viral reinfection with a
new strain (3). Since in clinical settings it is difficult to distinguish between HCMV
reactivation and reinfection, the term nonprimary infection is used collectively for
individuals with preexisting immunity. Both primary and nonprimary infections can
pose risks to immunosuppressed individuals, such as recipients of solid organ or
hematopoietic stem cell transplants (4, 5). More importantly, both primary and nonpri-
mary infections of women during pregnancy can lead to in utero HCMV infection, which
can cause fetal neurodevelopmental abnormalities, with severe consequences such as
miscarriage or disabilities in newborns (6, 7). Prevalence of congenital HCMV infection
is estimated at 0.64% as a global average (8), and about 17 to 20% of congenitally
infected infants will suffer various degrees of disabilities, including sensorineural
hearing loss, vision impairment, psychomotor dysfunction, and learning disabilities
(9). Unfortunately, there is no vaccine currently approved for prevention of con-
genital HCMV infection despite continuous vaccine research efforts for nearly 5
decades (10, 11).

One of the challenges in developing vaccines against congenital HCMV infection is
that there is no clear biomarker or correlate for an immune response linked to efficacy
against maternal-fetal transmission of HCMV (12). Observations from natural history
and epidemiology studies suggest that natural immunity to HCMV in women is
protective against nonprimary maternal infection and subsequent congenital transmis-
sion. Seropositive mothers with children in day care are more resistant to secondary
infection from their children than HCMV-seronegative mothers in the same settings
(13). Fowler and coworkers report that preconception HCMV seropositivity in women is
associated with about a 69% reduction in the incidence of congenital HCMV in their
newborns (14, 15). When a woman contracts a primary HCMV infection during preg-
nancy, the probability for HCMV to infect her fetus is estimated at 32%. In contrast, the
rate of congenital transmission affected by nonprimary infection is reported to be as
low as 1.4% (6). Furthermore, when HCMV-seronegative women acquire primary HCMV
infection during pregnancy, early emergence of anti-HCMV immunity, especially neu-
tralizing antibodies and CD4 T cells, is associated with reduced risk of congenital
transmission (16–18). Although the settings of these studies are limited to certain
cohorts, populations, or geographic regions, overall they suggest that preconception
immunity to natural HCMV infection is protective against nonprimary maternal infec-
tion and maternal-fetal transmission. Thus, one can hypothesize that vaccine-induced
responses similar to natural immunity would be effective against primary infection.

We recently described a whole-virus HCMV vaccine based on the Merck AD169
strain (19). The expression of the viral pentameric complex gH/gL/pUL128-131, which
is important for potent neutralizing antibodies, is restored in this vaccine (20–23). In
addition, we built redundant genetic mechanisms into the vaccine candidate that
enable tight regulation of viral growth using a synthetic chemical called Shield-1 as a
supplement in culture medium during vaccine manufacture (19). The vaccine candi-
date, named V160, has been evaluated in a phase 1 study for safety and immunoge-
nicity in both HCMV-seropositive and -seronegative healthy adult subjects (24). V160 is
replication defective, as determined by lack of vaccine virus shedding in urine or saliva
in HCMV-seronegative vaccine recipients. Furthermore, V160 could efficiently prime the
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host adaptive immune responses and elicited HCMV-specific cellular immunity and
neutralizing antibody titers in the range of those observed in HCMV-seropositive
subjects (24). In this study, we report the outcome of additional characterizations of the
V160 vaccine-induced humoral immune responses. We evaluated the durability of
antiviral antibody responses by measuring neutralizing antibody titers longitudinally
and assessing the frequency of HCMV-specific memory B cells in six vaccine recipients.
In addition, we studied the ability of vaccine immune sera to neutralize a panel of 12
genetically diverse clinical isolates and to protect against viral infection of four different
cell types in culture. Our results suggest that V160, although not able to replicate in
vivo, can still effectively prime the immune system of vaccinated human subjects.
Importantly, humoral responses elicited by vaccination showed quality attributes anal-
ogous to those of natural infection.

RESULTS

A multicenter, double-blind, and placebo-controlled phase 1 study (ClinicalTrials.gov
registration no. NCT01986010) was conducted in the United States from December
2013 to March 2017. The study enrolled 95 HCMV-seropositive and 95 HCMV-
seronegative adult subjects (24). Four groups were vaccinated intramuscularly (i.m.)
with V160 vaccine formulated without adjuvant at 10, 30, 100, or 250 U/dose (10U, 30U,
100U, and 250U groups, respectively). Two additional groups were vaccinated intra-
muscularly with V160 formulated with an aluminum phosphate adjuvant at 30 or 100
U/dose (30U�alum and 100U�alum groups, respectively). One additional group of
subjects received vaccination at 30 U per dose intradermally (i.d.). The vaccine recipi-
ents were immunized at baseline (month 0), month 1, and month 6 and then followed
for a total of 18 months for safety, tolerability, and immunogenicity. For this study, we
analyzed serological responses from the seronegative subjects who received all three
scheduled vaccinations. Their demographics and vaccination information are summa-
rized in Table 1. Serum samples from enrolled seropositive subjects at baseline were
used in serological assays for comparison in serology assays.

Longitudinal neutralizing titers in ARPE-19 and MRC-5 cells. Neutralizing activity
in immune sera from the V160 phase 1 study was measured in both ARPE-19 and MRC-5
cells. Neutralizing titers were defined as the reciprocal serum dilutions that neutralized
50% of viral infection (NT50). Geometric mean titers (GMTs) were calculated for each
group and plotted longitudinally (Fig. 1A and B). All study subjects developed mea-
surable neutralizing antibodies following vaccination with V160. Peak NT50 titers were
detected at month 7 (1 month after the third immunization). The dose-response
analysis showed that the NT50 titers in ARPE-19 cells after dose 2 at month 2 or 6
correlated with vaccine dose levels with no adjuvant, with the dose of 250 U being the
most immunogenic regimen. Linear regression was used to evaluate the dose re-
sponses of the overall adjusted geometric mean (log-scaled) NT50 titers at each time
point or across time for subjects immunized intramuscularly with 10 U, 30 U, 100 U, or
250 U of V160. A significant dose-dependent response was observed between the 10-
to 250-unit immunization regimens at month 2 (P � 0.002, R2 � 0.995) and month 6
(P � 0.005, R2 � 0.990). However, there was no obvious dose-dependent vaccine
response after the third vaccination at month 6, and the GMTs for all groups, except for

TABLE 1 Demographic and vaccination information

Group designation Age range (median [yr]) No. of subjects (M, F)a Administration route Adjuvant

10U 24–55 (49) 9 (3, 6) Intramuscular None
30U 22–54 (27.5) 10 (4, 6) Intramuscular None
30U�alum 19–62 (39) 10 (4, 6) Intramuscular Aluminum phosphate
100U 21–59 (37) 9 (4, 5) Intramuscular None
100U�alum 34–70 (52) 10 (4, 6) Intramuscular Aluminum phosphate
250U 25–70 (44) 9 (4, 5) Intramuscular None
30U (i.d.) 20–57 (38) 10 (4, 6) Intradermal None
aM, male; F, female.
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the 10U group, converged at month 7 in ARPE-19 cells. The GMTs for the 10U group
were lower than those of other groups at all time points evaluated. The pairwise
comparison between the 10U group and groups with other vaccine regimens using
Dunnett-Hsu multiplicity adjustment methods revealed statistically significant differ-
ences for four comparisons (P � 0.030 for 100 U, P � 0.021 for 100 U plus alum, P �

0.002 for 250 U, and P � 0.004 for 30 U i.d.). The GMTs in ARPE-19 cells at month 7 were
the highest at 8,280 for the 100U�alum group. For most groups, the GMTs in ARPE-19
cells at month 18 were lower than those at month 12. However, the difference was not
statistically significant, indicating stabilization of neutralizing titers at the memory
phase. At month 18, the GMTs in ARPE-19 cells ranged from 180 (10U group) to 1,930
(100U�alum group). GMTs for the 30U�alum, 100U, 100U�alum, 250U, and 30U (i.d.)
groups were slightly above 1,000, which was about 5- to 10-fold lower than those of
HCMV-seropositive subjects at 10,800.
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FIG 1 Longitudinal neutralizing titers of V160-vaccinated groups in ARPE-19 and MRC-5 cells. Serological
neutralizing titers for vaccine groups were assessed in ARPE-19 (A) or MRC-5 cells (B). The reciprocal
serum dilution that can achieve 50% viral neutralization (NT50) was calculated using four-parameter curve
fitting, and the geometric mean titers (GMTs) for each group are plotted along with standard error (se).
The horizontal line represents the GMTs determined from 53 HCMV-seropositive subjects.
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Vaccination also induced potent neutralizing activities in MRC-5 cells, and the peak
titers (at month 7) for all groups except the 10U group exceeded the GMT of 1,140 from
HCMV-seropositive subjects. At month 18, the GMTs of vaccine groups ranged from 200
(10U group) to 660 (100U�alum group).

To quantify differences between the vaccine-induced neutralizing titers and those
induced by natural infection, we computed the ratios of the GMTs for each group
versus those in seropositive subjects in ARPE-19 or MRC-5 cells (Table 2). With exception
of the 10U group, 95% confidence intervals (CIs) for the vaccine GMTs assayed in
ARPE-19 cells for all groups at month 7 (1 month after dose 3) had 95% confidence
intervals that mostly overlapped with those of seropositive subjects. The vaccine GMTs
assayed in MRC-5 cells at month 7, again with exception of the 10U group, exceeded
the GMT observed for seropositive subjects. The most promising dosing regimen
appeared to be 100 U plus alum, with a GMT in ARPE-19 cells at month 7 of 0.77-fold
(95% CI, 0.23-fold, 2.54-fold) that of seropositive subjects although the ARPE-19 GMT for
this group dropped to 0.13-fold (95% CI, 0.03-fold, 0.56-fold) that of seropositive
subjects by month 18. The 100U�alum group also presented one of the highest GMTs
in MRC-5 cells at month 7, with the GMT at 2.41-fold (95% CI, 0.46-fold, 12.54-fold) that
of seropositive subjects at month 7 and 0.57-fold (95% CI, 0.07-fold, 4.87-fold) that of
seropositive subjects at month 18.

Frequency of HCMV-specific memory B cells postvaccination versus natural
infection. One desirable attribute for an effective HCMV vaccine is durable memory
immune responses as protection against congenital HCMV is needed throughout a
women’s reproductive years. We attempted to demonstrate immune memory to HCMV
by quantification of HCMV-specific memory B cells circulating in peripheral blood.
Although not active producers of HCMV-specific antibodies, memory B cells in circu-
lation maintain unique rearranged surface immunoglobulin as B-cell receptors (BCRs)
that define their specificity to HCMV antigens. Upon exposure to HCMV infection, they
can quickly mobilize to differentiate into plasmablast cells that can further proliferate
and produce large quantities of HCMV-specific antibodies.

To assess HCMV-specific memory B cells to vaccination, we isolated peripheral blood
mononuclear cells (PBMC) that were affinity enriched for mature memory B cells (Fig.
2). Memory B-cell cultures were established for three HCMV-seropositive subjects and
six V160 recipients, three of whom received 30 U i.m. while the other three received 30
U i.d. PBMCs from vaccinees were collected at month 12, 6 months after the third
immunization. Up to 76,000 memory B cells were then cultured in limiting dilution for
14 days under conditions promoting their differentiation to antibody-producing plas-
mablast cells. The supernatants from these clonal B-cell cultures were then assayed for
both neutralizing and binding activity to HCMV (22). For each subject, HCMV-specific
B-cell reactivity was presented on a quadrant plot in which virion binding measured for
each B-cell culture supernatant was plotted on the y axis, and the corresponding
neutralizing activity for that supernatant was plotted on the x axis (Fig. 3A). Thus,

TABLE 2 Ratios of neutralizing antibody GMTs of vaccine groups to those of HCMV-seropositive subjects

Vaccine regimen

Neutralizing activity by cell type and time point

ARPE-19 cells MRC-5 cells

mo 7 mo 18 mo 7 mo 18

GMT ratioa (95% CI) P value GMT ratio (95% CI) P value GMT ratio (95% CI) P value GMT ratio (95% CI) P value

10U 0.11 (0.03, 0.40) 0.0001 0.02 (0.00, 0.09) 0.0001 0.15 (0.03, 0.77) 0.014 0.17 (0.02, 1.90) 0.284
30U 0.39 (0.12, 1.24) 0.176 0.07 (0.01, 0.34) 0.0001 2.34 (0.48, 11.34) 0.643 0.22 (0.02, 2.37) 0.446
30U�alum 0.74 (0.22, 2.44) 0.989 0.09 (0.02, 0.37) 0.0001 2.83 (0.54, 14.71) 0.460 0.30 (0.03, 2.58) 0.610
100U 0.58 (0.16, 2.04) 0.836 0.10 (0.02, 0.52) 0.002 2.21 (0.39, 12.54) 0.799 0.45 (0.04, 4.84) 0.949
100U�alum 0.77 (0.23, 2.54) 0.995 0.13 (0.03, 0.56) 0.002 2.41 (0.46, 12.54) 0.655 0.57 (0.07, 4.87) 0.988
250U 0.63 (0.19, 2.09) 0.906 0.16 (0.03, 0.72) 0.009 1.64 (0.31, 8.52) 0.973 0.14 (0.02, 1.35) 0.128
30U (i.d.) 0.58 (0.18, 1.82) 0.765 0.13 (0.03, 0.54) 0.001 2.11 (0.44, 10.24) 0.768 0.46 (0.06, 3.56) 0.911
aNeutralizing antibody GMT in vaccinated subjects/neutralizing antibody GMT in seropositive subjects.
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cultures represented in the upper right quadrant contain B cells producing antibodies
that both bind and neutralize HCMV, whereas those represented in the upper left or
lower right quadrant contain B cells producing antibodies that bind but do no neu-
tralize or neutralize but do not bind HCMV, respectively.

The frequency of memory B cells that produced HCMV-specific binding or neutral-
izing antibodies, defined as the percentage of B-cell cultures that were positive in
binding or neutralization assays, appeared similar among six vaccinated subjects and
three HCMV-seropositive subjects. The frequency of B cells producing binding antibod-
ies ranged from 0.34 to 0.53% for the three recipients of 30 U of V160 i.m. and from 0.24
to 0.40% for the three recipients of 30 U of V160 i.d., results in both cases that are
comparable to the range of 0.15 to 0.66% for the three HCMV-seropositive donors. The
frequency ranges of B cells producing neutralizing antibodies of 0.05 to 0.16% for V160
i.m. and 0.04 to 0.09% for V160 i.d. were similarly comparable to the range of 0.04 to
0.27% for the three seropositive donors.

HCMV-specific B-cell frequencies were normalized based on the rate of IgG-positive
wells for each subject (see Materials and Methods). The adjusted HCMV-specific mem-
ory B-cell frequencies of all subjects were analyzed to evaluate differences in the
frequencies of memory B cells producing binding or neutralizing antibodies for the
three donor groups. We applied mixed-effects logistic regression with an underlying
logit link function for this analysis. We used the normalized hit rate as the response
variable and the donor group (a fixed effect) and individual donor (a random effect) as
the explanatory variables to account for binomial distribution (hit or not hit) for each
individual B-cell sample. The results showed no statistical difference between donor
groups for binding (P � 0.309) or neutralizing (P � 0.279) B-cell frequencies. The
predicted B-cell frequencies in enzyme-linked immunosorbent assays (ELISAs) or neu-
tralization assays, as plotted in Fig. 3B with 95% confidence intervals, were overlapping
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although the seropositive donors showed a trend toward a higher percentage of
binding and neutralizing memory B cells than those for vaccinees.

Neutralization against genetically diverse clinical isolates. The virus used in the
neutralization assays above was an AD169 revertant tagged with green fluorescent
protein (AD169rev-GFP), which shares the same strain genetic background as V160 (19).
To demonstrate that V160 vaccination can induce neutralizing antibodies with broad
coverage against genetically diverse HCMV strains, we evaluated the neutralizing
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activities of selected vaccine immune sera against a panel of 12 low-passage-number
clinical isolates. These isolates were fully sequenced and characterized previously, and
they were genetically diverse for their gO locus (25, 26). In addition, we included
TS15-rR and BeMAD, which are epithelial tropic variants derived from the Towne and
AD169 viruses, respectively (19, 27). Viral entry was determined by immunostaining for
viral immediate early antigen expression, and NT50 titers were assessed as reciprocal
serum dilutions resulting 50% neutralization (26, 28).

The immune sera from the 100U�alum group at month 12 were tested in both
ARPE-19 and MRC-5 cells. Neutralizing titers against these clinical isolates were tightly
clustered in ARPE-19 cells (Fig. 4A). In MRC-5 cells, the NT50 titers were more divergent,
particularly for the NR strain (Fig. 4B). In both systems, neutralization against these
clinical isolates correlated well with NT50 titers against laboratory strains BeMAD and
TS15-rR.

To better understand the correlation of serum neutralizing potency with HCMV-
specific memory B-cell frequencies, month 12 sera from the six vaccine recipients
whose results are shown in Fig. 3 were analyzed against the clinical isolates. The
neutralizing activities varied widely among these subjects. In particular, subject 300105
showed lower neutralizing titers in both cell types (Fig. 4C and D). For each serum, the
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neutralizing activities against the clinical isolates tightly clustered together with those
to BeMAD and TS15-rR, as shown for the 100U�alum group in ARPE-19 cells. The
neutralizing activities in MRC-5 cells showed a similar degree of divergence. Overall,
the neutralizing activities appeared to be comparable to those of the immune sera from
the 100U�alum group for each individual clinical isolate.

We performed correlation analysis between normalized frequencies of neutralizing
memory B cells (Fig. 3A) and NT50 titers against beMAD in six vaccine recipients, and
this analysis revealed meaningful associations in ARPE-19 cells (Pearson r � 0.87, P �

0.025) and MRC5 cells (Pearson r � 0.77, P � 0.071). We also calculated the neutralizing
GMTs against all strains for each serum and correlated these results with the frequency
of neutralizing memory B cells for each subject. A positive association was also
demonstrated with statistical significance in ARPE-19 cells (Pearson r � 0.86, P � 0.030)
but not in MRC5 cells (Pearson r � 0.59, P � 0.214). These results suggested that after
vaccination, the epithelial cell neutralizing titers were correlated with the frequency of
neutralizing memory B cells.

Antiviral functions in different types of human cells. Since pathology caused by
HCMV infection involves multiple types of human cells, we next sought to verify
whether V160 immune sera could protect against viral infection in the cell types
important for viral transmission, dissemination, and placental infection. We selected
month 12 immune sera from the 100U�alum group and the six subjects who were
vaccinated with 30 U of V160 either i.m. or i.d., as described in the legend of Fig. 3.
Immune sera from two HCMV-seropositive and three HCMV-seronegative donors were
included in the assays for comparison. NT50 titers were determined against viral entry
into four types of cells: oral mucosal epithelial cells (Fig. 5A), vascular endothelial cells
(Fig. 5B), placental cytotrophoblast cells (Fig. 5C), and neuronal cells (Fig. 5D).
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FIG 5 Neutralizing activity of vaccine immune sera in diverse human cell types. Serum neutralizing activities were
assessed in human oral mucosal epithelial cells (A), human umbilical vascular endothelial cells (HUVEC) (B), human
cytotrophoblast cells (C), or human neuronal cells (D). Serum samples include month 12 sera from the 100U�alum
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Sera from V160-vaccinated subjects could neutralize AD169rev-GFP virus in all four
cell types, and the NT50 titers were higher than those of HCMV-seronegative subjects
at statistically significant levels, as assessed with one-way analysis of variance (ANOVA),
regardless of vaccine dosage. In all four cell types, the immune sera from the
100U�alum group showed neutralizing potency comparable to that of sera from
HCMV-seropositive subjects. The sera from the subjects who received 30 U of V160
showed lower neutralizing titers than those of the 100U�alum group in all four cell
types, with three of these differences having statistical significance. The results con-
firmed that V160-induced antibodies can protect these types of human cells from viral
infection in culture.

Serological reactivity to HCMV antigens. V160 vaccination elicited memory B cells
that could produce antibodies reactive to HCMV in ELISA (Fig. 3A). Since HCMV is a
complex virus with multiple viral antigens, we tested immune sera from the 100U and
100U�alum groups for reactivity using recombinant gB, a pentameric complex, and
HCMV virions as antigens. As shown in Fig. 6, specific antibody titers to each antigen
developed after vaccination and peaked at month 7. Subjects vaccinated with the
aluminum phosphate adjuvant formulation seemed to perform better than those
receiving 100 U of the unadjuvanted vaccine. However, the aluminum formulations of
V160 produced modestly higher binding titers than nonadjuvant formulations (1.14-
fold; 95% CI, 0.6-fold, 2.17-fold; P � 0.679, analysis of covariance [ANCOVA] test).

In addition, serological responses from subjects vaccinated with V160 differed from
those of HCMV-seropositive subjects, with gB reactivity ranking highest, followed by
those to the pentameric complex and then to virions. The antibody response to gB in
V160 vaccinees was significantly higher than the response observed in HCMV-
seropositive subjects (P � 0.0285, two-sample t test). In contrast, antibody titers to the
pentameric complex antigen in V160 vaccinees were significantly lower than those in
HCMV-seropositive subjects (P � 0.0009, two-sample t test). Finally, sera from V160-
vaccinated subjects had significantly lower antibody titers to the whole HCMV virus
than sera from HCMV naturally infected subjects (P � 0.0094 for HCMV, two-sample t
test).

Since low-avidity HCMV antibodies are considered a marker for risk of congenital
transmission in women with primary infection during pregnancy (29, 30), we wanted to
test whether V160 vaccination could elicit high-avidity antibodies commonly seen in
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HCMV-seropositive subjects. As shown in Fig. 7A and B, for both the 100U and
100U�alum groups, high-avidity antibodies developed after the third immunization at
month 6 and were sustained at month 18. This increase in avidity was especially
notable for those reactive to recombinant gB and pentameric complex, and the relative
avidity indexes ranged from 75 to 90%, which were in the range seen in HCMV-
seropositive subjects.

Inhibition of viral spread in cell culture. HCMV infection can spread from cell to
cell in both epithelial and fibroblast cells in culture (31), and the spread can be inhibited
by antibodies targeting viral pentameric complex or gB (32). To investigate whether
V160 immune serum could inhibit viral spread, we infected ARPE-19 or HFF cells with
AD169rev-GFP virus at a multiplicity of infection (MOI) of 0.02 in 96-well plates. One day
later, we added paired preimmune (month 0) and immune (month 12) sera at 1:40
dilutions to the viral cultures. The spread of viral infection was monitored daily by laser
scanning microplate cytometry to enumerate the number of GFP-positive cells. An
example for a vaccine recipient in the 100U�alum group is shown in Fig. 8A.

Since the number of GFP-positive cells was captured each day postinfection, the rate
of viral spread can be calculated to indicate the viral replication kinetics, i.e., the rate
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increase in newly infected cells (replication ratio, Ro). This is analogous to the method
used to measure viral replication kinetics in transplant patients, where viral growth is
captured by PCR quantification of the viral genome through serial sampling of periph-
eral blood (33, 34). In untreated ARPE-19 cultures the average Ro value was 1.4 (95% CI,
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FIG 8 Inhibition of viral spread by V160 vaccine-induced immune sera. (A) HFF cells infected with
AD169rev-GFP at a low MOI were treated with serum from subject 300194 at baseline (month 0) or
postvaccination (month 12), and representative images from days 4 to 7 postinfection are shown.
ARPE-19 cells (B) or HFF cells (C) were infected with HCMV as described above for 1 day and then mock
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Liu et al. Journal of Virology

December 2019 Volume 93 Issue 23 e00747-19 jvi.asm.org 12

https://jvi.asm.org


1.17, 1.65), while the average Ro with 10 �M cidofovir (CDV) was 1.0 (95% CI, 0.97, 1.11),
indicating no viral spread (Fig. 8B). Culturing AD169rev-GFP with vaccine immune sera
taken from subjects vaccinated with 100 U of V160 or 100 U plus alum at month 12
produced an average Ro value of 1.16 (95% CI, 1.09, 1.23) or 1.13 (95% CI, 1.11, 1.16),
respectively. The corresponding preimmune sera yielded an average Ro value of 1.4
(95% CI, 1.39, 1.48) or 1.5 (95% CI, 1.43, 1.50) as expected. The average Ro values from
the vaccine groups were comparable to those of naturally infected HCMV-seropositive
subjects (average Ro, 1.15; 95% CI, 1.13, 1.16). Similarly, sera from 100U and 100U�alum
groups taken 12 months postvaccination could inhibit viral spread in human foreskin
fibroblast (HFF) cells, with average Ro values of 1.99 (95% CI, 1.84, 2.15) and 1.95 (95%
CI, 1.80, 2.10), respectively, in contrast to their corresponding preimmunization average
Ro values of 2.49 (95% CI, 2.42, 2.55) and 2.66 (95% CI, 2.60, 2.72), respectively. Both
average Ro values for the vaccinees were comparable to the value of 1.99 (95% CI, 1.76,
2.22) for HCMV-seropositive subjects (Fig. 8C). Thus, V160-induced immune sera had
similar effects as those from HCMV-seropositive subjects in inhibiting viral spread in
ARPE-19 and HFF cells.

DISCUSSION

Development of an HCMV vaccine for women of childbearing age is a high priority
for public health as a vaccine is urgently needed for prevention of devastating
childhood disabilities caused by congenital HCMV infection. However, previous vaccine
efforts have not led to any promising candidate; almost all previous vaccines failed to
elicit neutralizing antibodies as robust as those seen in HCMV-seropositive subjects (35).
Lack of the viral pentameric complex is now recognized as a design deficiency in these
experimental vaccines. The pentameric complex is a viral tropism determinant neces-
sary for HCMV to infect epithelial and endothelial cells (36, 37); it is also a key antigenic
complex for potent neutralizing antibodies in humans with natural infection (20, 22).
V160 is the first vaccine candidate to enter clinical evaluation that is designed with the
pentameric complex in its composition (24). The results from this first-in-human study
demonstrated the importance of the pentameric complex in eliciting potent neutral-
izing titers against viral infection of human epithelial cells as shown in preclinical
evaluations (19, 38).

Detailed characterizations in this study revealed several properties of V160-induced
humoral immune responses. First, the vaccine was effective in priming humoral im-
mune responses. Interestingly, a dose response could be demonstrated only after dose
2 at months 2 and 6 but not after the third immunization at month 6. With exception
of the 10U group, following the third immunization all vaccine regimens elicited peak
neutralizing titers overlapping those of HCMV-seropositive subjects in ARPE-19 cells
and even exceeding those of seropositive subjects in MRC-5 cells (Fig. 1). At the steady
state (i.e., month 12), the immune sera from subjects receiving 100 U plus alum versus
30 U i.m. or i.d. showed some degree of dose response in different types of cells or
against genetically diverse strains, although not always with statistical significance (Fig.
4 and 5). Second, vaccine immune sera could neutralize HCMV entry into a variety of
clinically relevant cell types, a property shared with sera from naturally infected
HCMV-seropositive subjects (Fig. 5). Antiviral activities were observed in oral mucosal
epithelial cells and vascular endothelial cells, both cell types believed important for
initial HCMV infection and dissemination in the host. Similar to sera from HCMV-
seropositive subjects, vaccine immune sera could also protect cytotrophoblasts and
cells of neuronal origin. These results suggest that V160-induced humoral responses
shared properties with those of HCMV-seropositive subjects. Third, formulations with
aluminum phosphate adjuvant did not show any statistically significant benefit in
corresponding dose groups in all assays evaluated. The lack of clear benefit from the
adjuvant could be due to constraints of the experimental design as the adjuvant was
tested only with dose levels of 30 U and 100 U (Fig. 1A). However, there was a trend for
improvement in binding titers and avidity with aluminum phosphate adjuvant in the
formulation (100 U versus 100 U plus alum) (Fig. 6 and 7). In the end, the regimen of
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100 U plus alum appeared to elicit the highest peak and steady-state neutralizing titers
in ARPE-19 and MRC-5 cells, judging by the ratios of neutralizing antibody GMTs of
vaccine subjects to those of HCMV-seropositive subjects (Table 2). Therefore, the
regimen of 100 U plus alum has been elected for evaluation of vaccine efficacy in future
studies. It should be noted that although vaccination can elicit potent peak neutralizing
antibody titers in most of the groups, the steady-state titers at month 18 were 5- to
10-fold lower than those observed in naturally infected subjects.

It is noted that the neutralizing titers at month 18 induced by V160 vaccination were
5- to 10-fold lower than those of natural immunity in ARPE-19 cells. This could be
explained by the possibility that subjects with natural infection may have experienced
multiple episodes of nonprimary infection, which would have effectively expanded
their plasma cell population, leading to high neutralizing titers. In addition, multiple
viral episodes could have an impact on B-cell lineage development as we have recently
reported in HCMV-seropositive subjects (22). In contrast, the vaccinated subjects in our
study were exposed to HCMV antigens only through three immunizations. Thus, lower
serum neutralizing titers in V160 vaccinees were not unexpected.

For humoral immunity induced by vaccination, long-term memory is maintained by
circulating memory B cells. By assessing the frequency of HCMV-specific memory B cells
with neutralizing function in six vaccinated subjects, we have gained confidence that
V160, although incapable of replicating in vivo, can effectively prime host humoral
responses for long-term immune memory. While we admit the limitation that the
numbers of subjects in each group were modest, the memory B cells induced by
vaccination in six vaccinated subjects were detected at frequencies that overlapped
those of three HCMV-seropositive subjects. Since antigen-specific memory B cells are a
long-lasting component of immune memory, it may be fair to state that V160 vacci-
nation can elicit durable responses.

Congenital infection has been observed in infants born to women with nonprimary
HCMV infection during pregnancy (39) and to women in regions with high seroposi-
tivity rates (40, 41). It should be noted that these observations are mostly from natural
history studies, where it is difficult to set up appropriate controls or placebo arms and
thus difficult to reach firm conclusions about the role of natural immunity on congenital
transmission. However, these observations merit discussion among vaccine researchers
as to whether natural immunity to HCMV is a relevant marker for protection against
maternal-fetal transmission (42). More studies in controlled settings are urgently
needed to better define the risk factors around nonprimary maternal infection and
subsequent congenital transmission (12), including a better understanding of the
optimal assays for measuring the potency and functional components of host immune
responses. Since our current knowledge is insufficient to determine what would be
the important component in host immunity that could confer protection (11), V160
may be a good candidate because of its ability to induce both humoral and cellular
immune responses qualitatively similar to those of natural infection.

Another question that remains to be answered is whether natural immunity is
sufficient to protect the host against new or serologically distinct strains. Nonprimary
infection in women has been elegantly demonstrated by detection of strain-specific
antibodies to short peptides unique to the defined viral strains (39, 43). However, there
is no evidence that these women were susceptible to infection by new strains because
they lacked neutralizing antibodies against new strains. On the other hand, to our
knowledge there are only a few studies that have evaluated strain specificity of
neutralizing antibodies in human sera, and in these studies, the specificities have been
mapped to glycoprotein N, a hypervariable viral antigen (44, 45). In contrast, more
recent studies with monoclonal antibodies (MAbs) from HCMV-seropositive donors
have shown broad coverage against low-passage-number clinical isolates, and the
majority of these potent MAbs target the conserved pentameric complex (20, 26, 46).
If viral neutralization in vitro can be considered a surrogate for immunity against viral
infection in vivo, our data would indicate that V160 can elicit neutralizing antibodies
covering genetically diverse clinical strains (26).
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It should be acknowledged that, prior to demonstration of V160 efficacy against
HCMV acquisition in an ongoing phase 2 study (NCT03486834), we will not be able to
correlate levels of vaccine-induced neutralizing antibodies, or any other immune
markers, such as frequency of memory B cells, with vaccine-mediated protection.
However, it is important to note that V160 elicited higher neutralizing titers in ARPE-19
cells than gB/MF59 vaccination (47, 48), and the latter conferred 43 to 50% efficacy
against HCMV acquisition in HCMV-seronegative women and adolescent girls (49, 50).
It is not surprising that gB/MF59 vaccine induced poor neutralizing titers in ARPE-19
cells (35) because the pentameric complex is absent in its composition and because
antibodies to the pentameric complex are important for neutralizing HCMV in epithelial
cells (20, 22). Recent studies indicated that the protection given by the gB/MF59
vaccine could be attributed to nonneutralizing antibodies (48, 51). It should be noted
that V160 vaccination can induce high levels of gB-specific antibodies (Fig. 6). Thus, if
the gB-specific nonneutralizing antibodies were important for protection, V160 vacci-
nation could probably elicit such antibodies.

In summary, the results of this study demonstrated that V160, although a
replication-defective virus, was effective as a vaccine in inducing antibodies similar to
those seen in HCMV-seropositive subjects. V160-induced antibodies could neutralize a
panel of genetically distinct clinical isolates and protected against viral infection of
several different types of human cells in culture. The encouraging results of vaccine-
induced immune responses, along with the acceptable safety profiles for vaccination,
have established a basis for advancing V160 for efficacy evaluations for prevention of
HCMV acquisition in seronegative women of child-bearing age (NCT03486834).

MATERIALS AND METHODS
Study cohort. This trial was a two-part, double-blind, randomized, placebo-controlled, dose escala-

tion multicenter study conducted at nine clinical sites in the United States between November 2013 and
March 2017 (NCT01986010). The study was performed in conformity with standards of good clinical
practice, and the protocol was reviewed and approved by an independent institutional review board and
ethics review committee. Subjects provided written informed consent before participation. The primary
objective was vaccine safety and tolerability, and the secondary objective was vaccine immunogenicity.
Human samples were collected from study subjects with informed consent at indicated study time points
as described in the text or figure legends or indicated on the figures. The trial information can be
obtained from ClinicalTrials.gov (https://clinicaltrials.gov/ct2/show/NCT01986010).

Cell lines, viruses, and other reagents. Recombinant gB protein was based on the Towne strain
sequence as described previously (38). A recombinant pentameric complex, consisting of gH, gL, pUL128,
pUL130, and pUL131A from the Merlin strain, was produced by transient transfection in HEK 293 cells and
purified as previously described (52) by the Native Antigen Company. ARPE-19 (ATCC CRL-2302) and
MRC-5 (ATCC CCL-171) cells were obtained from ATCC and cultured as previously described (28). HFF-1
human foreskin fibroblasts (ATCC CRL-1635) were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum (FBS) (HyClone). The neuronal cell line STTG1 (ATCC
CRL-1718) and immortalized cytotrophoblast line HTR-8/SVneo (ATCC CRL-3271) were cultured in RPMI
1640 medium supplemented with 10% FBS. Human vascular endothelial cells (HUVEC) were isolated from
an umbilical cord obtained from a local cord blood bank with appropriate donor consent and cultured
in endothelial cell growth medium (Cell Applications, Inc.). Human oral mucosal epithelial cells, immor-
talized with human telomerase reverse transcriptase (hTERT), were obtained from Applied Biological
Materials (ABM) (catalog no. T0043) and cultured in Prigrow IV medium (catalog no. TM003; ABM)
supplemented with 10% FBS. AD169rev-GFP virus was a generous gift of Thomas Shenk of Princeton
University. A panel of clinical viral isolates were isolated at Virginia Commonwealth University or Rutgers
University or generously provided by Maria Grazia Revello of Servizio di Virologia or Chistian Sinzger of
Universitat Ulm. All isolates were fully sequenced and characterized as described previously (25, 26).

Neutralization assays. The virus neutralization assay has been described previously (47). Briefly, cells
were seeded on day 1 at concentrations ranging from 1.2 � 104 to 2.0 � 104 cells in 50 �l of medium per
well in 96-well plates. Heat-inactivated serum samples were prepared in 2-fold serial dilutions and mixed
in an equal volume of medium containing approximately 6 � 104 PFU/ml of AD169rev-GFP virus. The
mixtures were incubated at room temperature for 1 h and then transferred at 50 �l/well to 96-well plates
containing cell monolayers. The plates were cultured for 2 to 5 days, depending on the cell line, and cells
expressing GFP were enumerated as a surrogate for HCMV infection using an Acumen eX3 laser scanning
fluorescence microplate cytometer (TTP Lab Tech, Ltd.) and Cellista software as previously described (53).
NT50 titers were defined as the reciprocal serum dilutions or concentrations of MAbs that achieved 50%
reductions in viral infection levels based on four-parameter nonlinear curve fitting using Prism software
(GraphPad Software).

Memory B-cell frequency evaluation. Human memory B-cell culture and screening for HCMV-
specific antibodies were modified from a previously described protocol (54). Briefly, IgG� memory B cells
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were enriched using a kit of magnetic beads (Stemcell Technologies, Inc.), and seeded in limiting dilution
in 384-well plates in the presence of gamma-irradiated feeder cells expressing human CD40 ligand and
recombinant human interleukin-21 (IL-21). For each donor �106 to 200 plates were set up, and the cells
were cultured for 14 days in 5% CO2 and 93% humidity. B-cell culture supernatants were then collected
and tested for binding to HCMV virions and neutralization.

For binding activity, purified HCMV viral particles (V160) were immobilized at 2 �g/ml in phosphate-
buffered saline (PBS) on 384-well high-bind plates (Corning) at 4°C overnight. Plates were washed and
blocked with 3% (vol/vol) nonfat milk in PBS– 0.05% Tween 20 and then incubated with B-cell culture
supernatants in a 15-�l volume for 1.5 h at room temperature. Plates were then washed, and alkaline
phosphatase (AP)-conjugated goat anti-human IgG was added (Southern Biotech) at a dilution of 1:2,000.
Plates were incubated at room temperature for 1 h and washed. CDP-Star chemiluminescence AP
substrate (PerkinElmer) was added at 30 �l/well, and after incubation for 15 min, luminescent signals
were quantitated using an Envision plate reader (PerkinElmer). Wells with signals at least 10-fold higher
than the background control level were scored as positive.

For neutralization assays, 15 �l of B-cell supernatants was mixed with 15 �l of AD169rev-GFP virus
(�800 PFU) and incubated at room temperature for 1 h. The mixture was then transferred into 384-well
plates that were preseeded with ARPE-19 cells at 3,000 cells per well 1 day before. Plates were incubated
for 48 h and then imaged with an Acumen eX3 microplate cytometer to count GFP-positive cells. The
wells with �50% reduction in GFP-positive cells were scored as neutralization positive.

To estimate the concentration of IgG in B-cell culture supernatants, supernatants from 10 culture
plates were randomly chosen for testing by a human IgG ELISA. Briefly, Corning 384-well high-bind plates
were coated with 20 �l per well of goat anti-human IgG (Fc) antibody (ThermoFisher Scientific) at
4 �g/ml in PBS at 4°C overnight. Plates were washed in PBS– 0.05% Tween 20 and then blocked in 3%
nonfat milk at room temperature for 60 min. Blocking buffer was removed, and 15 �l per well of B-cell
culture supernatants was added. Plates were incubated at room temperature for 1.5 h and washed in
PBS– 0.05% Tween 20. Afterwards, 15 �l per well of AP-conjugated goat anti-Human IgG (Southern
Biotech) at a 1:2,000 dilution was added. Plates were incubated at room temperature for 1 h and washed.
CDP-Star chemiluminescence reagent was added at 30 �l per well and incubated for 15 min. Lumines-
cence was quantitated with an Envision (PerkinElmer) plate reader. Wells with signals at least 10-fold
higher than the background control level (equivalent to �0.01 �g/ml IgG) were scored as positive. IgG
production rate was estimated for B-cell cultures for each subject and was based on the percentage of
positive hits in randomly picked 10 B-cell culture plates.

HCMV-specific binding B-cell frequency was defined as the percentage of positive wells out of the
total B-cell culture plates that were scored positive in the binding. The neutralizing memory B-cell
frequency was defined as the percentage of B-cell culture wells that were scored positive in the
neutralization assay. The frequencies were normalized to the IgG production rate for a given subject to
produce an adjusted HCMV-specific B-cell frequency in order to account for differences in the number
of memory B cells cultured and screened from different subjects.

ELISA and relative avidity assessment. Binding of serum antibodies to HCMV whole virions
(purified V160 particles), recombinant gB, or pentameric complex was determined by ELISA. Antigens
were separately immobilized at 2 �g/ml in PBS on 96-well Nunc Immuno MaxiSorp plates at 4°C
overnight. Plates were washed with PBS– 0.05% Tween 20 and then blocked with 3% (vol/vol) nonfat milk
in PBS– 0.05% Tween 20 for 1 h. Human sera were diluted 1:40 and then 3-fold serially diluted in assay
buffer diluent (PBS– 0.05% Tween 20 and ProClin 300 [Sigma-Aldrich] supplemented with 0.5% bovine
serum albumin, 0.2% bovine gamma globulin, 0.25% [wt/vol] CHAPS [3-[(3-cholamidopropyl)-
dimethylammonio]-1-propanesulfonate], and 5 mM EDTA). Dilutions were added at 50 �l per well to
antigen-coated plates and incubated for 1.5 h. Plates were washed with PBS– 0.05% Tween 20, and then
50 �l of horseradish peroxidase (HRP)-conjugated mouse anti-human IgG Fc (Abcam) was added to
each well. After incubation at room temperature for 1 h and a washing step, TMB (3,3’,5,5’-
tetramethylbenzidine substrate; Virolabs) was added at 100 �l per well. After a 3- to 5-min incubation in
the dark, the reaction was stopped by addition of 100 �l of 1 M H2SO4 per well. Values for the optical
density at 450 nm (OD450) were determined using a plate reader, and the endpoint titers were defined
as the reciprocal dilution of the highest dilution that yielded an OD450 value above three times the mean
of the value of the negative-control wells.

The relative avidity index of serum IgG binding to HCMV virions, recombinant gB, or pentameric
complex was determined by ELISA. Sera were diluted 1:400 in assay buffer diluent in replicate. Diluted
sera in 50-�l aliquots were transferred into duplicate plates that had been coated with HCMV antigens
and incubated for 1.5 h. One set of plates was treated with 50 �l of 4 M urea while the other was treated
with 50 �l of PBS. The plates were incubated for 0.5 h at room temperature and then developed as
described above for ELISAs. The relative avidity index was calculated as the OD450 value of the
urea-treated sample divided by the OD450 value of the PBS-treated sample, multiplied by 100. An OD450

value greater than 0.150 was used as the minimum cutoff for inclusion in avidity determination.
Inhibition for cell-to-cell spread. Human ARPE-19 and HFF cells were infected in bulk with

AD169rev-GFP (MOI of 0.02), seeded at 8,000 cells/well in a 96-well plate, and incubated for 24 h at 37°C
with 5% CO2. Immune sera were diluted 1:40 in cell line-appropriate medium and added to the cells after
the viral inoculum was removed. The number of GFP-positive cells was determined at day 4 to 7
postinfection using an Acumen Cellista laser scanning microplate cytometer. The basic viral replication
ratio (Ro) was determined by graphing the number of GFP-positive cells versus time in Microsoft Excel
and fitting the corresponding plot using the trendline function for an exponential curve to
determine the equation of the resulting graph. The fitted equation is displayed as y � cerx, where

Liu et al. Journal of Virology

December 2019 Volume 93 Issue 23 e00747-19 jvi.asm.org 16

https://jvi.asm.org


y is the number of infected cells at point cerx, c is a constant, e is the natural log, r is the exponential
rate constant, and x is time (days). The Ro is determined by taking the exponential of r [i.e., function
EXP(r) in Microsoft excel when x � 1]. The Ro is then a ratio metric that describes the increase in
newly infected cells per day.

Statistical analysis. Statistical analyses were performed using SAS software (SAS, version 9.4; SAS,
Inc.). For longitudinal data, mixed-effects analysis of covariance (ANCOVA) was used to evaluate NT50 or
endpoint titers in different studies. The titer (natural log transformed) was treated as the response
variable, the titer at the baseline (natural log transformed) was treated as the covariate, and time and
regimen were treated as factors for different time points and different regimens. The models accounted
for the correlations of titer measures over time from the same subject.

Analysis of variance (ANOVA) was used to compare the response (NT50s, natural log scaled; Ro values)
from vaccinated, HCMV-negative or -positive subjects. In each model, the regimen (or clinical isolate) was
the only explanatory variable.

A mixed-effect logistic regression with an underlying logit link function was used for evaluating the
frequency of HCMV-specific memory B cells postvaccination versus that with natural infection. The
method was applied to evaluate the frequency of ELISA and neutralization hits from different groups of
donors with the normalized hit rate being the response variable and the donor group (a fixed effect) and
individual donor (a random effect) being the explanatory variables. In this way, we accounted for a
binomial distribution (hit or not hit) for each individual B-cell sample.

All of the comparisons of regimens were evaluated within corresponding models as described in the
text or figure legends or indicated on the figures. Comparisons were performed per cell type, per antigen,
or per clinical isolate, with or without multiplicity adjustment, as indicated. For multiplicity adjustment,
Dunnett-Hsu or Tukey methods were used to account for an overall significance level of 0.05 when
multiple groups were compared to the same group or when multiple groups were compared simulta-
neously. If the P value or the adjusted P value was less than 0.05, the pair was considered significantly
different.
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